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This contribution investigates primary steps governing the OH-initiated atmospheric 
oxidation of CS2.  Our approach comprises high-level density functional theory 
calculation of energies and optimisation of molecular structures as well as RRKM-ME 
analysis for estimating pressure-dependent reaction rate constants.  We find the 
overall reaction OH + CS2 → OCS + SH too slow to account for the formation of the 
reported experimental products.  The initial reaction of OH with CS2 proceeds to 
produce an S-adduct, SC(OH)S.  Species-formation history for the system OH + CS2 
indicates that, the S-adduct represents the most plausible product with a barrier-less 
addition process and a stability amounting to 48.5 kJ/mol, in reference to the 
separated reactants.  This adduct then undergoes a bimolecular reaction with 
atmospheric O2 yielding OCS and HOSO, rather than dissociating back into its 
separated reactants.  We also find that further atmospheric oxidation of the C-adduct 
(if formed) yields two of the major experimental products namely OCS and SO2. The 
kinetic analysis provided in this study explains the atmospheric fate of reduced sulfur 








Besides SO2, reduced sulfur species of OCS and CS2 represent major atmospheric 
S-carriers and assume an important role in the global sulfur cycle.  CS2 are emitted 
into the atmosphere through natural and industrial processes.  Volcanic eruptions and 
bushfires [1] contribute to the total budget of natural atmospheric CS2.  However, the 
majority of atmospheric CS2 originates from industrial processes, such as production 
of insecticides and man-made fibres.  Additionally, CS2 corresponds to an important 
by-product from the Claus gas desulfurising process [2].  In total, CS2 and OCS 
contribute nearly 20 % of the total sulfur emission from the Claus process.  CS2 
exists at levels of parts per trillion in the Earth’s troposphere; 15 to 30 ppt in the 
nonurban troposphere and 100 to 200 ppt in polluted urban areas [3].  Significant 
variation of CS2 concentration with altitude indicates that, it has a relatively short 
atmospheric lifetime. 
 
Experimental and theoretical investigations of atmospheric oxidation of CS2, have 
provided profiles of decomposition products, rate constants for reactions of CS2 with 
OH, life times of CS2 in the atmosphere, and postulated governing reaction 
mechanisms.  With the very low concentrations of O(
3
P) in the atmosphere [4] and 
the absence of any decomposition of CS2 near the UV-region [5], OH radicals 
constitute the sole initial atmospheric oxidiser.  However, experimental results on 
reaction of CS2 and OH reaction indicated extremely slow rate constant in the absence 
of O2: 
 
OH + CS2 
 1
  OCS +SH R1 
 
Kurylo [6] as well as Atkinson and Pitts [7] adopted pulsed H2O photolysis to produce 






















at 298.15 K. 
 
However, photolysis of H2O to produce OH at 165-185 nm may also dissociate the 
CS2 molecule, suggesting an error in the reported rate constant of R1 due to loss of 
CS2 by photolysis-induced rupture of C-S bonds.  Wine et al. adopted a CS2-filling 









 at 298.15 K [8].  Similar outcome has been 
achieved by Iyer and Rowland who produced OH radicals by a CW photolysis of 
H2O2 at 254 nm [9]. 
 
Jones at al. [10, 11] measured the rate constant of R1 in the presence of O2 (i.e. CS2 + 









 at 298.15 K.  The influence of O2 was also confirmed 
by Barnes et al. using CW photolysis [12], who obtained a very similar rate constant.  
Two important steps control the atmospheric oxidation of CS2, namely formation of a 
CS2OH and reactions of O2 with this adduct:  
 
OH + CS2 ⇌ CS2OH R2 
CS2OH + O2 → products R3 
 
Experiments by Murrells et al. [13] and Lovejoy et al. [14] tested a wide temperature 
range of 249 – 318 K to confirm the formation of OCS, SO2 and HO2 as the sole 
experimental products. 
 
Theoretically, calculations of Lunell et al. [15] at the HF/3-21G(d) level of theory 




C-adduct – SC(OH)S.  The C-adduct appeared in an exothermic reaction of 109.2 
kJ/mol, whereas the formation of the S-adduct was found to be endothermic by 104.2 
kJ/mol, with respect to the reaction of CS2 and OH in R2.  However, Lunell et al. [15] 
considered an incorrect structure of the SCS(OH) adduct [15].  Subsequent 
computations of McKee [16] at the modified G1 level of theory, at 298.15 K, yielded 
reaction enthalpies of -24.7 kJ/mol and -126.8 kJ/mol, respectively, for the generation 
of the S- and C-adducts of CS2OH in R2.  McKee et al. [17] investigated R3 with 
optimised geometries obtained at the B3LYP/6-311+G(d) level of theory and 
constructed a pathway for the formation of OCS and SO. 
 
This paper assesses the kinetic rates of primary OH–initiated atmospheric reactions of 
CS2, i.e. R1, R2 and R3 under atmospheric conditions; i.e., temperature around 298 K 
and pressure around 101 kPa and to account for the formation of OCS and SO2.  Our 
mechanistic pathways for these reactions follow those previously suggested by 
McKee et al. [17].  We also address an intriguing question as whether the S-adduct is 
stable enough to enable bimolecular reaction with O2. 
 
 
2. Computational Methodology 
 
We perform all structural optimisations and energy calculations with the meta-hybrid 
density functional (DFT) of M062X with the extended basis set of 6-311++G(3df, 3pd) 
as implemented in the Gaussian 09 code [18].  The M062X functional has been 
parameterised against experimental and high-level ab initio values to yield 
satisfactory performance in predicting thermochemical and kinetic parameters 
underpinning its general applications to gas phase species [19].  To further refine the 
final energies, we carry out single-point energy calculations at the 
QCISD(T)/jun-cc-pvtz theoretical level. It applies the 6-31G basis set rather than 




[20].  Additionally, the CBS-QB3 composite method [21] has been performed to set 
an accuracy benchmark of our adopted methodology.  The MESMER 3.0 code 
serves to perform the RRKM-ME kinetic analysis for the elementary reactions in the 
CS2-OH-O2 system [22].  
 
 
3. Results and Discussion 
 
3.1. CS2 + OH 
 
Figure 1 depicts potential energy surface (PES) and geometries for species involved in 
initial oxidation of CS2 by OH.  OH radicals could add either to the S or C atoms in 
CS2.  We have carefully scanned for the existence of a transition structure for the two 
plausible OH addition channels.  All our attempts have led to locating one transition 
state (TS1) in which the OH group moves between the S and C atoms.  Although the 
C-adduct is thermodynamically more stable than the S-adduct (by almost 100 kJ/mol), 
its formation is featured with a rather high activation enthalpy at 34.7 kJ/mol via 
direct addition, or 83.2 kJ/mol through OH migration between C and S atoms.  
Considering the barrier-less addition of OH of S-adduct, it is more intuitively 
appealing to conclude that the CS2 + OH reaction channel preferentially produces the 
S-adduct as the initial intermediate.  As our kinetic modelling demonstrates, once 
C-adduct is formed, it readily dissociates into OCS and SH with all barriers are 
submerged below the separated initial reactants (OH +CS2).  The S- (SCS(OH)) and 
C- (SC(OH)S) adducts reside 48.5 kJ/mol and 145.6 kJ/mol below the separated 
reactants, respectively.  The well depth of the S–adduct is in a better agreement with 
experimental measurement of Murrells et al. [13] of 45.6 ± 4.2 kJ/mol than with the 
other theoretically predicted value of McKee et al. [17], i.e. 26.8 kJ/mol.  Calculated 




encountering a barrier, followed by the formation of the C-adduct via a 1,2-OH shift 
process.   
 
As Figure 1 portrays, the presence of OH in the S-adducts slightly bends the linear 
CS2 molecule and marginally elongates one C-S bond, i.e. by 0.02 Å.  Migration of 
the H hydroxyl onto one of S atoms produces the SC(O)SH adduct through a sizable 
activation enthalpy of 132.6 kJ/mol.  Depending on the orientation of the H atom in 
the SH group, the SC(O)SH adduct exhibits two conformers, syn and anti, separated 
from each other by only 3.9 kJ/mol.  Herein, we consider the more stable syn 
conformer in which the H atom points toward the O atom.  In the final reaction, the 
SC(O)SH dissociates via a trivial barrier of 12.6 kJ/mol to produce OCS and SH.  
 
To set a benchmark for the accuracy underlying our adopted method, i.e., 
QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd), we also obtain enthalpy profiles 
for selected set of reactions using the CBS-QB3 accurate chemistry model.  Table 1 
compares the relative enthalpies for OH + CS2 reaction calculated based on the two 
different methods.  Inspection of data in Table 1 illustrates that the results of 
QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) level of theory and CBS-QB3 
chemistry model match each other with a maximum error at 9.3 kJ/mol.  For instance, 
the well depth of S-adduct SCS(OH) from these two methods is calculated to be 48.5 
kJ/mol and 42.2 kJ/mol, respectively; in a close agreement with the experimental 
estimate of Murrels et al. at 45.6 ± 4.2 kJ/mol.  A mean absolute error of 5.7 kJ/mol 
between results reported by QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) and 










CS2 + OH ⇋ SCSOH R-1a 
SCSOH ⇋ SC(OH)S R-1b 
SC(OH)S → OCS +SH R-1c 
CS2 + OH → OCS + SH  (overall reaction) R-1 
 
Figure 2 presents k(T,P) for the overall R-1 reaction between 260 – 330 K and 10.13 – 
101.3 kPa, indicating the formation of OCS and SH to have no dependence on 









.  Experimentally, Murrells et al. [13] concluded that, 
reaction of CS2 with OH is too slow in the absence of O2 and assigned an upper limit 








.  Thus, our calculated rate 
constant for R-1 remains in a qualitative agreement with the experimental finding of 
Murrells et al. [13].  At 298.15 K and 101.3 kPa, we estimate the rate constant for 




























, under atmospheric condition. 
 
Figure 3 exhibits histories of species concentration for the CS2-OH reaction system at 
298.15 K and 101.3 kPa.  We offer two remarks based on Figure 3.  Firstly, the 
noticeable well depth of the S-adduct, i.e. 48.5 kJ/mol suggests stability of this adduct 
under atmospheric condition, and, hence kinetic analysis predicts that, all CS2 is 
initially transformed into the S-adduct, SCS(OH).  Secondly, once SC(OH)S and 
SC(O)SH adducts form, they quickly dissociate into OCS and SH.  The constant 




that barrier of TS2 is submerged below the separated initial reactants.  Overall, the 
extremely slow rate of R-1 unequivocally indicates that, initial oxidation of CS2 by 
OH in the absence of O2 could not account for the formation of experimentally 
observed products.  In the next section, we consider reactions of O2 with the S 
adduct that arise from the initial reaction of CS2 + OH.   
 
 
3.2. S-adduct SCS(OH) + O2  
 
Figure 4 shows the potential energy surface (PES) along the reaction SCS(OH) + O2.  
An O2 molecule adds at the carbon atom in the S-adduct through a trivial activation 
barrier of 19.3 kJ/mol (TS4).  The (SCSOH)O2, result from this reaction, resides 
79.1 kJ/mol below the entrance channel.  In the next step, the outer peroxy O atom 
adds at the SOH moiety inducing the fission of the C-S bond and the formation of 
OCS and HOSO species.  This reaction requires an activation enthalpy of 72.4 
kJ/mol (TS5), however, it is exceedingly exothermic by 394.1 kJ/mol.  It follows that, 
RRKM-ME kinetic analysis for Figure 4 yields two reactions: 
 
SCSOH + O2 ⇋ CS2OHO2 
R-2a 
CS2OHO2 → OCS + HOSO 
R-2b 
SCSOH + O2 → OCS + HOSO (overall reaction) 
R-2 
 
Figure 5 portrays estimated time-dependent species profiles stemming from the PES 
in Figure 4.  Kinetic calculations based on the potential energy surface of Figure 4 








 (R-2) at 298.15 K 
and 101.3 kPa.  This value is comparable to the overall rate of the CS2 + OH + O2 












of the plausible source of errors in the experimental measurement and bearing in mind 
the accuracy benchmark of the adopted theoretical methodology, a deviation of an 
order of magnitude could be rationalised accordingly.  Table 2 contrast relative 
enthalpies for the SCSOH + O2 reaction from the two aforementioned theoretical 
methods.  It further confirms the satisfactory performance of the 
QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) method in reference to the 
accurate CBS-QB3 model.   
 
Thus two, competing channels control the fate of the S-adduct, the reverse reaction 
into CS2 and O2 (R-1a) and addition of O2 leading to formation of OCS and HOSO 
(R-2).  By incorporating the atmospheric concentration of O2 at 298.15 K and 101.3 
kPa, in pseudo first-order rate coefficient for the reaction of SCSOH with O2, we can 
compare the rate of R-1a with that of R-2: 
 
CS2 + OH 
        1    103 s-1  
             S-adduct SCSOH 
   + O2        1 5    10
  s-1
                  OCS +HOSO 
 





; exceeding that of R-1a by almost four orders of magnitude.  Our kinetic 
analysis herein indicates that once the S-adduct forms, it quickly experiences O2 
addition followed by a unimolecular re-arrangement of the formed peroxy-type 
moiety into OCS and HOSO.  Subsequent oxidation of HOSO is rather a facile 
process with a trivial activation barrier of at 7.6 kJ/mol, producing HO2 and SO2 as 
products [23].  Dissociation of HOSO into OH and SO is a slow process with a 
sizable activation energy more than 200 kJ/mol.  It follows that the HOSO adduct 
incurs profound atmospheric stability enabling it to undergo bimolecular reactions 
with oxygen molecules.  It should also be noted that the oxidation of SO is featured 
with a relatively low activation energy at 19.0 kJ/mol [24].  HO2 can be converted to 




CS2.  The oxidation pathway in Figure 4 clearly accounts for the formation of the two 
major experimental products of OCS and SO2. 
 
 
3.3. C-adduct SC(OH)S + O2  
 
To account for the fate of the C-adduct (if formed), we now illustrate its consumption 
pathways through atmospheric oxidation.  Figure 6 explores possible oxidation 
pathways for C-adduct (SC(OH)S).  An O2 molecule abstracts H atom from the O-H 
site via an accessible activation enthalpy of 25.2 kJ/mol (TS6), or undergoes 
1,2-addition at a C-S bond to form COS(OH) and SO.  The latter process demands a 
sizable activation enthalpy of 76.9 kJ/mol (TS7).  It follows that reaction R-4 is 
highly unlikely to procced under atmospheric conditions:  
 
SC(OH)S + O2 → CS2O + HO2 R-3                 
SC(OH)S + O2 → COS(OH) + SO R-4                   
 
For the product in R-3, we calculate direct dissociation of CS2O into OCS and 
3
S to 
be highly endothermic by 121.0 kJ/mol.  A consumption channel of CS2O is 
calculated through addition of OH radical, giving OCS and SOH with no activation 
energy (R-5) in a reaction that is highly exothermic by -205.9 kJ/mol. Further 
oxidation of SOH proceeds with a trivial activation barrier valued at 9.8 kJ/mol, 
giving SO2 and OH as products (R-6).  
 
CS2O + OH → OCS + SOH R-5                 
SOH + O2 → SO2 + OH R-6                   
 




above under atmospheric condition.  As expected, the R-4 reaction does not proceed 
due to its significantly higher activation enthalpy.  Clearly, R-3 (if occurs) opens up a 
plausible corridor for the formation of two major experimental products from the 




Formation of an S-adduct through OH addition proceeds without encountering a 
reaction barrier.  In absence of O2, the S-adduct rearranges to C-adduct to yield OCS 
and SH, however, at a very slow rate due to the significant energy barrier embedded in 
the transfer of the H atom between S and C atoms.  Oxidation of the S-adduct into 
OCS, SO and OH predominates its back dissociation into CS2 and OH.  At 298.15 K 
and 101.3 kPa, the overall reaction rate constant for S-adduct + O2 → OCS + HOSO 








 with an overall barrier of 19.3 kJ/mol 
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Table 1. Comparison of relative enthalpies (kJ/mol, 298.15 K) for OH + CS2 reaction 
calculated at different level of theory:  
QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) and CBS-QB3 composite. 
 QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) CBS-QB3 
OH + CS2 0.0 0.0 
SCS(OH) -48.5 -42.2 
TS1 34.7 26.8 
SC(OH)S -145.6 -136.3 
TS2 -13.0 -6.3 
SC(O)SH -134.7 -132.5 
TS3 122.5 -121.6 






Table 2. Comparison of relative enthalpies (kJ/mol, 298.15 K) for SCSOH + O2 
reaction calculated at different level of theory:  
QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) and CBS-QB3 composite. 
 QCISD(T)/jun-cc-pvtz/M062X/6-311++G(3df,3pd) CBS-QB3 
SCSOH + O2 0.0 0.0 
TS4 19.3 16.8 
(SCSOH)O2 -79.2 -82.0 
TS5 -6.7 -10.3 







Figure 1. Geometry structures and values of relative enthalpy at 298.15 K along the 
reaction CS2+OH, computed at the 
QCISD(T)/jun-cc-pvtz//M062X/6-311++G(3df,3pd) theoretical level.  Reaction 
enthalpies (under/above each formula) are in kJ/mol, activation enthalpies (values 
under/above each transition state) in kJ/mol and distances (values around chemical 







Figure 2 Rate coefficient for the overall reaction of R-1: CS2 + OH → OCS + SH as 
function of temperature (T) and pressure (P), calculated with MESMER-3.0 based on 






Figure 3. Time-dependent species profile produced from the reaction CS2+OH → 







Figure 4. Geometrical structures and values of relative enthalpy at 298.15 K along the 
reaction SCSOH + O2, computed at the QCISD(T)/jun-cc-pvtz//M062X/ 
6-311++G(3df,3pd) theoretical level.  Reaction enthalpies (under/above each 
formula) are in kJ/mol, activation enthalpies (values under/above each transition state) 






Figure 5. Time-dependent species profile produced from the reaction SCSOH +O2 → 






Fig.6. Geometry structures and relative reaction enthalpies of reaction SC(OH)S+O2, 
computed at DFT-M062X with the 6-311++G(3df, 3pd) basis set for molecular 
structures and QCISD(T)/jun-cc-pvtz level for single point calculation for energy. 






Fig.7. Time-dependent species profile produced from the reaction SC(OH)S +O2 at 



















 We investigate OH-initiated atmospheric oxidation of CS2 via accurate DFT 
calculations. .  
 Initial addition of OH produces S- and C-adducts. 
 Reactions of atmospheric oxygen with these two adducts produce the 
experimentally observed products.  
 
